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body bend assays (37), we observed a very significantly im-
proved motility of the PD worms treated with squalamine (Fig.
S4). By contrast, the motility of a C. elegans strain expressing
only YFP, used here as a control, was not detectably affected by
squalamine (Fig. S4).

As standard body bend assays monitored by manual means can
be prone to errors and are not always reproducible, many digital
tracking platforms have recently been proposed to characterize
worm behavior in a more quantitative and rigorous way (39). To
improve the reproducibility of the results, we have developed a
high-throughput microscopic screening procedure that allows robust
C. elegans phenotypic screening with improved statistics, coupled
with automated analysis of the motility of the animals (see SI Ma-
terials and Methods for details).

Movies of swimming worms were recorded using a high-per-
formance imaging lens and a machine vision camera at a high
number of frames per second (fps) for 30 s or 1 min, and the
platform enabled us to image simultaneously up to 200 swimming
animals over the whole surface of a 6-cm agar plate (see SI Ma-
terials and Methods for details). Using this method, we confirmed
with statistical confidence the observed improved motility (Fig. S5)
of the PD worms upon squalamine administration (Figs. 44, 5, and
6 and Movies S1-S4). Automated analysis of the velocities of the
movements of the worms further confirmed a significant difference
between treated and untreated PD worms, and indeed those ani-
mals exposed to 50 pM squalamine showed motility levels that
were essentially the same as those of the control worms (Fig. 4B).

We then explored the effects of squalamine on the aggregation
of a-synuclein in PD worms by fluorescence microscopy. Fol-
lowing the addition of squalamine to the medium in which the
animals were maintained, we observed a substantial decrease in
a-synuclein inclusion formation in aged PD worms (day 12 of
adulthood) (Fig. 4 C and D), despite the fact that the levels of
a-synuclein expression in the PD worms in the absence and in the
presence of squalamine were found to be closely similar (Fig.
4F). We also demonstrated that no effects could be detected on
the intensity or the distribution pattern of YFP expressed within
the body-wall muscle of the control worms (Fig. 4C).

Furthermore the protective effect of squalamine was apparent
throughout the study, as shown by recovery of motility (thrashing
and speed), decrease in paralysis rate, and the decrease in the
number of inclusions (Fig. 5). Finally, to assess whether or not
the observed effects of squalamine in suppressing inclusion for-
mation and toxicity were specific to the a-synuclein worms, we
tested squalamine in a worm model of AB4;-mediated dysfunction
(40). In this system, where the presence of lipids is not required for
the initiation of AP, aggregation (41, 42), we observed that
squalamine, at concentrations that completely restored the
pathological phenotype in the Abeta*? worms, showed no sig-
nificant protective effects (Fig. S5), thereby indicating the
specificity of squalamine against a-synuclein aggregation.

Discussion

We have shown by using a variety of biophysical techniques that
squalamine can inhibit in vitro the aggregation of a-synuclein
induced by lipid membranes. Furthermore we have shown by
using a cellular model and an animal model of PD that squal-
amine dramatically reduces in vivo the toxicity associated with
a-synuclein aggregation (Fig. 6).

To study the binding of a-synuclein to lipids, we first used SUVs
composed of DOPS, DOPE, and DOPC, which are the most
abundant lipids found in the membranes of synaptic vesicles (26).
Titrating squalamine into a solution of a-synuclein bound to SUVs
caused the a-helical content of a-synuclein to decrease in an ap-
proximately linear manner with squalamine concentration, as
measured by CD and NMR, thus suggesting that squalamine dis-
places a-synuclein from lipid membranes, as observed for a range of
other protein/lipid systems (17). We further explored the effects of
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squalamine on the binding and aggregation of a-synuclein in the
presence of DMPS-containing vesicles, which have been shown to
be particularly effective in enhancing the rate of aggregation and
amyloid formation of a-synuclein (12). The presence of squalamine
progressively decreased the a-helical content of a-synuclein, again
indicating that this compound displaces the protein from the vesi-
cles, as recently observed for f-synuclein (22). To analyze these
data, we thus used the same competitive binding model as the one
describing the inhibitory effect of p-synculein on a-synuclein lipid-
induced aggregation (22), where both a-synuclein and squalamine
compete for binding sites at the surface of the DMPS vesicles,
which validated the model in a quantitative manner.

In addition, we have shown that squalamine does not interact
directly with monomeric a-synuclein in free solution, except at
very high concentrations and in the absence of lipids, and that it
affects the size and the thermotropic properties of lipid vesicles
only at high squalamine:DMPS ratios (>0.1). Moreover, we have
observed that the overall rate of lipid-induced a-synuclein ag-
gregation in vitro decreases dramatically and in a dose-de-
pendent manner upon incubation with squalamine.

We then extended this study by using SH-SYSY cells treated
with oligomers of a-synuclein previously shown to be toxic to
cells in culture (23, 24) and found that squalamine inhibits
completely the mitochondrial dysfunction and the cellular ROS
production induced by the oligomers. The degree of binding of
toxic a-synuclein oligomers to neuronal cells also decreased with
increasing squalamine concentration, and based on our results,
we proposed a competitive binding model, where toxic oligomers
of a-synuclein and squalamine compete for binding sites at the
surface of neuronal cells. These results suggest that squalamine
drastically decreases not only the neurotoxicity caused by the
intracellular accumulation of o-synuclein aggregates but also
the cellular damage induced by aggregates interacting with the
membrane of neuronal cells. We then provided further evidence
for a protective effect of squalamine observed in vitro and in
cells by using a well-studied C. elegans model of PD (25). When
worms were exposed to squalamine from an early stage in their
development, we observed an almost complete recovery of the
motility dysfunction induced by a-synuclein together with a
substantial decrease in inclusion formation in treated PD worms.

Taken together, these results suggest that squalamine inhibits the
initial step in the lipid-induced aggregation of a-synuclein through
competitive binding at the surface of the lipid vesicles and also
drastically reduces the toxicity of oligomeric forms of a-synuclein in
vivo. We note that it is also possible that other secondary mecha-
nisms of action, such as direct interactions with fibrils, may be
present and could work in synergy with the principal mechanism of
action of squalamine that we have described.

Conclusions

We have shown that in vitro and in cell cultures squalamine sup-
presses the initial events in the aggregation of a-synuclein by dis-
placing the protein from lipid membranes, where such events
preferentially take place, and also acts to reduce the interactions of
oligomeric aggregates with the membrane surfaces (Fig. 6). These
results indicate the mechanisms by which squalamine significantly
inhibits the aggregation of a-synuclein in vivo and also reduces
dramatically its associated toxicity. We suggest, therefore, that
squalamine, and by extension other molecules that can compete ef-
fectively with a-synuclein for lipid membrane binding, could have the
potential to act as therapeutic agents for PD and other conditions
associated with the pathogenic aggregation of a-synuclein.

Materials and Methods

Extended experimental procedures are described in S/ Materials and Methods.
Wild-type a-synuclein was expressed in Escherichia coli and purified as pre-
viously described (10). DOPE/DOPS/DOPC vesicles were prepared as previously
described (27). DMPS vesicles were prepared as previously reported (12) and

Perni et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1610586114/-/DCSupplemental/pnas.201610586SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1610586114/-/DCSupplemental/pnas.201610586SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1610586114/-/DCSupplemental/pnas.201610586SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1610586114/-/DCSupplemental/pnas.201610586SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1610586114/-/DCSupplemental/pnas.201610586SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1610586114/-/DCSupplemental/pnas.201610586SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1610586114/-/DCSupplemental/pnas.201610586SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1610586114/-/DCSupplemental/pnas.201610586SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1610586114/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1610586114/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1610586114/-/DCSupplemental/pnas.201610586SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1610586114/-/DCSupplemental/pnas.201610586SI.pdf?targetid=nameddest=STXT
www.pnas.org/cgi/doi/10.1073/pnas.1610586114

L T

/

1\

BN AS  PNAS D)

aggregation kinetics and related data analysis were carried out as previously
described (12). a-Synuclein oligomers were also prepared as described
previously (23, 24) and cell cytotoxicity assays were carried out as indicated
(43). In vivo experiments were carried out by using a well-studied C. elegans
model of PD (25).
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